This Resource Letter provides a guide to the literature on optical tweezers, also known as laser-based, gradient-force optical traps. Journal articles and books are cited for the following main topics: general papers on optical tweezers, trapping instrument design, optical detection methods, optical trapping theory, mechanical measurements, single molecule studies, and sections on biological motors, cellular measurements and additional applications of optical tweezers.
light, combined with the large numerical apertures employed ͑which preclude scalar paraxial approximations, necessitating a full vector treatment͒, have all conspired to make general theories difficult to develop. However, there has been much current progress, and many papers combine limited aspects of trapping theory with experiment.
Our goal for this Resource Letter is to provide a guide to the literature. Our strategy has been to organize selected papers into a few main categories, rather than to provide a comprehensive review of all literature. Thus, numerous articles were omitted, some of which can be found among the citations papers in the papers we list. We apologize to colleagues whose work may thereby have been underrepresented. Inevitably, some of the literature can be classified under multiple categories. Therefore, we strongly encourage reader to browse related titles and topics. For example, sections of research reports frequently include design details not necessarily covered in specific instrument papers.
We present a general section on optical tweezers first, including books and reviews on the subject. However, we caution readers that this is a fast-moving area, and much of the material found in books and early reviews is not particularly up-to-date. A focus on the earliest literature follows, including the seminal papers on optical tweezers. Papers relevant to optical instrument construction, calibration, and detection are listed next, followed by papers that deal mainly with optical trapping theory. The remaining sections are geared towards specific biological applications, including uses with cells, molecular motors, and additional applications of optical tweezers.
II. JOURNALS
The following are selected journals carrying articles on optical tweezers:
25. ''Observation of light scattering from nonspherical particles using optical levitation,'' A. Ashkin and J. M. Dziedzic, Appl. Opt. 19 ͑5͒, 660-668 ͑1980͒. Objects including spheroids, spherical doublets, triplets, etc. were studied. ͑I͒ 26. ''Continuous-wave self-focusing and self-trapping of light in artificial Kerr media,'' A. Ashkin, J. M. Dziedzic, and P. W. Smith, Opt. Lett. 
C. Instrument design
The most common and straightforward method of building optical tweezers instrumentation is to custom-fit an optical microscope that already incorporates imaging capabilities and a good objective lens used for forming a trap. Attention to stable instrument construction and alignment details will improve the usability of the instrument. When deciding where to place an instrument, minimizing room temperature variations, acoustical noise, and mechanical vibrations should all be considered.
The references below describe a range of instruments from simple, single-beam traps to sophisticated multi-component systems. The incorporation of technologies in optical tweezers designs, frequently requiring ingenuity, has led to powerful new experimental methods. A broad range of components including trapping lasers, lenses, detection systems, calibration methods, and beam steering solutions has been incorporated into tweezers designs. Technologies for beam steering and multiple trap generation, including acoustooptic deflectors and galvanometer scanning mirrors, are outlined in some of the following papers. Computer control, automation, and data acquisition are critical components of optical tweezers experiments. The experimental requirements ͑speed of a motor, required position sensitivity, force regime desired͒ should provide a guide for optimizing the design of an instrument. Multiple feedback methods for force and position clamping have been implemented. Note that many research papers, found in other sections of this Resource Letter, contain instrument design details outlined in materials and methods sections.
of single biomolecules,'' G. J. L. Wuite, R. J. Davenport, A. Rappaport, and C. Bustamante, Biophys. J. 79 ͑2͒, 1155-1167 ͑2000͒. Detailed description of an instrument that combines optical tweezers and micropipettes to perform experiments deep within a flow chamber. Video microscopy and deflection are used for detection. Forces are applied with optical tweezers and a computer-controlled flow system. Used to study the transcription of RNA polymerase. ͑A͒ 50. ''Computer-generated holographic optical tweezer arrays,'' E. R. Position detection may be achieved in many ways including video, quadrant photodiode, and interferometric methods. Time response and position sensitivity should be considered when deciding on a detection method. Video microscopy is straightforward and can be used to track a particle with subpixel resolution. Video detection has limited time response and is not as convenient for systems requiring fast positional feedback. Quadrant photodiodes, placed in either an image or back focal plane, can be used for two-or threedimensional position sensing. Quadrant-photodiode detection, which in some instances utilizes a separate detector beam for convenience, has both a faster time response and greater position sensitivity. Interferometry is another sensitive position-sensing method that is used to detect displacement along one axis. 
Calibration
The force exerted on an object by an optical trap depends both on the trap ͑shape and intensity͒ and the object ͑size and composition͒. Detailed knowledge of the force exerted on a particle is a critical quantity in biochemical, kinetic, and mechanical trapping experiments. Force calibration is achieved by a number of methods, each with different advantages. The drag or escape force method is performed by moving an object or stage while monitoring an ''escape'' velocity, and is particularly useful to check the linearity of trapping potential in regions far from the trap center. The equipartition method, which is straightforward and fast, measures thermal fluctuations in position of a trapped particle. The power spectral method provides stiffness information in addition to a diagnostic for noise sources at various frequencies. In addition to the methods having different advantages, multiple methods provide a good consistency check of the overall trap stiffness. 
Fiber-based traps
Light exiting from a fiber, because of its steep spatial gradient, can be used to trap objects, provided that the repulsive scattering force is more than balanced. The most common fiber-based trap involves two counter-propagating beams, to neutralize the scattering force in the central region. Because there are no local lenses, fiber-based traps have the advantage of being able to penetrate deep into solution. Fiberbased traps have also been used for cell stretching studies. 
D. Theory of optical tweezers
A wide range of models and degrees of sophistication have been applied to the theory of optical tweezers. The size, shape, and composition of an object are important quantities when determining an appropriate theory. Laser focusing properties such as the mode, input beam diameter, and numerical aperture of the lens are also critical. Theories have been developed for describing the expected signal detection shapes. Many of the references below include both theory and experiments. 
E. Experiments using optical tweezers

Mechanical and single molecule measurements
Mechanical properties such as elasticity, stiffness, rigidity, and torque can be measured using optical tweezers. Light is easily manipulated and relatively noninvasive, making laserbased mechanical measurements straightforward for studying biological systems. Cells, intracellular structures, filaments, and single molecules have all been probed. Multiple traps can be used to construct additional geometries for mechanical measurements. Combinations of optical tweezers and other methods, such as micropipettes, fluorescence microscopy, and microsurgery, provide very powerful tools for studying biological systems.
Single molecule mechanical measurements using optical tweezers, including biological motor motility, protein-protein unbinding, and protein unfolding, have experienced a tremendous growth in recent years. Throughout these papers, assay development remains a critical component, including details of slide/flow cell construction, methods for attaching samples to microspheres, and general assay conditions. 
Biological motors
Biological motors are excellent model systems for observing protein motions and conformational changes, and are a subject of intense research. Motor properties such as speed, force, processivity, working stroke distance, and substrate should be considered when designing an experiment. Many technological developments, including force clamping, the three-bead assay, and computer automation of trap and sample positioning have been used in biological motor re-search. We encourage the reader to explore experimental innovations implemented in multiple motor systems. 
b. Kinesin
Kinesin, which hydrolyzes ATP to move along microtubules, is a processive motor that takes about 100 steps before detaching. Kinesin's processivity makes it ideal for optical tweezers studies. Optical tweezers measurements have identified that kinesin steps in discrete, 8 nm increments and hydrolyzes one ATP per step. Instrumental innovations specifically geared towards measuring kinesin motility have led to a number of advances in optical tweezers. 
c. Myosin
Myosin, which moves on an actin substrate, is the subject of intense research. A three-bead assay has been developed to measure the properties of skeletal muscle myosin, a nonprocessive motor. In this geometry, two trapped beads suspend an actin filament above a third motor-coated bead. Motor interaction and power stroke movement of the filament can be detected by monitoring fluctuations and movement of the double bead system. Many innovations have been implemented to both simultaneously generate multiple traps and detect position in this geometry. More recently, processive myosins have been discovered ͑myosin V being an example͒ with properties somewhat similar to kinesin, and therefore amenable to many of the same techniques. 1994͒, pp. 195-198 . A short report where the sliding and binding force between an actin filament, attached to the bead, and heavy-meromyosin molecules, on the surface, were measured using a dual ͑fluorescence and phase-contrast͒ imaging microscope. Optical tweezers were used to monitor myosin step sizes in a three-bead suspended filament geometry. ͑I͒
d. Nucleic acid-based enzymes
RNA-and DNA-based enzymes with motor-like properties also have been studied with optical tweezers. Multiple geometries for motility assays have been implemented. The stretching properties of DNA have been used as a centering tool and as a ruler to monitor the progress of nucleotide motors. These motor studies have benefited enormously from powerful biochemical, as well as biophysical, methods available for manipulating nucleic acids. DNA was suspended with two beads above a pedestal. Single dye labeled molecules of RNA polymerase were visualized using single molecule fluorescence excited in a total internal reflection geometry. 
Measurements involving DNA
DNA stretching studies have been the subject of much experimental and theoretical development. Measurements ranging from base pair interactions to chromosome mobility have been studied.
F. Cells and optical tweezers
Optical tweezers have numerous cell biology applications. Intracellular materials including organelles and chromosomes have been probed using optical tweezers. Cell function, in particular mitosis and motility, have been studied by methods such as laser inactivation and tweezers-assisted chromosome movement. Localized studies of membrane rigidity and fluidity have increased our understanding of cell morphology. Many cellular measurements involve combinations of optical tweezers with other methodologies, such as microsurgery and fluorescence characterization, to form powerful tools for cell research.
General cells
Cell types including mammalian cells, Escherichia coli, red blood cells, nerve cells and gametes have been studied.
''Optical Trapping and Manipulation of Single Living Cells Using
A. Richert, J. Simeon, and F. Gallet, Biophys. J. 81 ͑1͒, 43-56 ͑2001͒. Galvanometric mirrors form the traps in this three-bead measurement. ͑I͒ 240. ''Cell traction forces on soft biomaterials. I. 
Gamete cells
Optical tweezers can be used to manipulate and determine the force generation and swimming properties of sperm. Implantation and fertilization developments use combinations of zonal drilling with short-wavelength ͑blue-to-UV͒ lasers and manipulation with optical tweezers. Laser-assisted hatching has also been investigated to possibly improve implantation efficiency. 
Cell damage
In general, optical tweezers are much more ''cell friendly'' than many alternative methods because of the noninvasive character of light. Cell photodamage remains an issue, however, one that has been investigated for various systems using a range of trapping wavelengths. The papers below discuss a number of relevant issues, and possible solutions to tweezers-induced cell damage. 
